SUMMARY Proton nuclear magnetic resonance (NMR) images depict the distribution and concentration of mobile protons modified by the relaxation times T, and T 2 .
NUCLEAR MAGNETIC RESONANCE (NMR)
imaging is a new modality which allows high resolution tomographic evaluation of tissue structure without ionizing radiation. The NMR phenomenon was first observed in 1946 by Bloch et al. 1 with the protons of water, and independently the same year by Purcell et al. 2 with the protons of paraffin. Subsequent experiments were directed towards analyzing the structure of complex molecules, and, more recently, providing information regarding dynamic chemical processes. 3 Although protons are among the nuclei most sensitive to NMR detection, there are many other naturally abundant and biologically relevant NMR-sensitive nuclei; these include sodium-23 and phosphorous-31. In view of the profuse abundance of protons in biological systems and their previously mentioned sensitivity, protons are the nuclei which lend themselves most readily to medical imaging. Lauterbur, in 1973 , was the first to demonstrate the capacity of NMR for imaging. 4 Several NMR imaging techniques have subsequently been proposed and are now being developed. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Initial proton NMR imaging results obtained on prototype imaging systems have demonstrated the great potential of the technique for revealing animal and human anatomy. [21] [22] [23] [24] Recent reports provide images with promising resolution from intact human body [25] [26] [27] [28] and head. The principles of NMR imaging are discussed in some detail elsewhere. 32 Because the several imaging methods proposed differ in the extent to which the various NMR parameters (spin density, T, and T 2 relaxation times) contribute to signal intensity, it is unclear what role From the Department of Neurology, Radiology, Surgery and Medicine, Massachusetts General Hospital, Boston, Massachusetts, 02114. *Dr. Pohost is an Established Investigator of the American Heart Association.
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these parameters may play in NMR imaging of normal and abnormal tissues. We report NMR images of gerbil and rat brain which have pathologically documented ischemic cerebral infarction. Spin-lattice (T,) and spin-spin (T 2 ) relaxation times have been determined in normal gerbils and in gerbils which had undergone unilateral carotid artery ligation, to explore the pathophysiological significance of NMR imaging changes detected in cerebral infarction.
Materials and Methods
For the purpose of this study, 30 normal adult laboratory rats (Rattus norvegicus) and 70 gerbils (Meriones unguiculatus) were used. The animals were anesthetized with 5-30 mg intramuscular ketamine; rats received adjunctive doses of 6-12 mg of intraperitoneal pentobarbital. The animals were placed in a cradle, and serial tomographic proton NMR images of 3 mm thick coronal sections were obtained beginning at the level of the external auditory canal and every 5 mm aborally. Each image was completed in 2.3 minutes. The prototype imaging system used an 8 cm bore diameter superconducting magnet operating at a field strength of 1.44 tesla, corresponding to a proton resonance frequency of 61.4 MHz (Technicare Corporation, Solon, Ohio). The steady-state-free-precession (SSFP) pulse sequence was applied to elicit the NMR signal.
6 - 34 The RF pulse angle was 52° and the interpulse spacing was 7.3 ms.
Gerbils underwent unilateral cervical carotid artery ligation under ether anesthesia. Rats underwent exposure of their cervical carotid, cannulation with a 20 gauge catheter, and proximal carotid ligation with subsequent embolization of 0.1 cc of autologous thrombus. The animals were permitted to recover, examined for presence of neurological deficit, and imaged serially over time for up to 3 months. Gerbils used for spectrometer experiments were imaged immediately after carotid ligation, and sacrificed within 3 hours for spectrometer relaxation time studies. The gerbils were then sacrificed by an anesthetic overdose, their brains rapidly extracted, the cerebellum detached, the cerebrum divided sagitally into right and left hemispheres and subjected to NMR spectrometry. The remaining gerbils were imaged periodically for up to one week. Normal gerbils underwent the same imaging or spectrometer protocols. Repeated T, and T 2 determinations were carried out at varying time intervals on 3 normal and pathologic brains for up to 3 hours.
A spectrometer operating at 150 MHz (Nicolet NT-150) was used for determining mean hemispheric bulk proton spin-lattice (T,) relaxation time by inversion recovery and spin-spin (T 2 ) relaxation time by the Carr-Purcell-Meiboom-Gill procedure.
3 Side to side mean in-vitro T, and T 2 values were compared in the three groups of gerbils using the Mest for paired samples; intergroup differences were studied using the ttest for unpaired samples.
Rats were imaged sequentially for up to 3.5 months after the onset of stroke, sacrificed and their brains extracted and fixed in 10% formalin for up to three weeks. Fixed brains were sectioned in planes corresponding as closely as possible to the levels of the NMR images, examined for presence of abnormalities, and included in paraffin for subsequent histologic examination of 5jii sections stained with hematoxylineosin, Nissl and Woelcke-Heidenhain stains.
As reported elsewhere 33 cats underwent middle cerebral artery ligature by the transorbital approach and underwent a similar imaging protocol.
Results
Proton NMR spectroscopy experiments were used to determine the relative changes in T, and T 2 using exercised rat or gerbil brains. These studies demonstrated narrow ranges of T, relaxation times in bulk determinations of the excised brains of the laboratory animals; moreover, such values remained stable for up to 3 hours after death. All experiments, therefore, were completed within 3 hours after death. Bulk T, and T 2 values decrease progressively over the first few days of rat brain maturation, reaching adult levels by three weeks (table 1) ; therefore, only adult animal brains were used in the study of cerebral infarctions.
As shown in table 2, cerebral hemispheres of gerbils with symptomatic carotid ligation have significantly prolonged T, and T 2 values (1.47 ± 0.12s and 76.0 ± 9.0 ms, p < .05) when compared to the values in the unaffected hemispheres (T, = 1.28 ± 0.05s; T 2 = 58.7 ± 3.9 ms), or to gerbils asymptomatic after carotid ligation (T, = 1.27 ± 0.03s; T 2 = 61.1 ± 1.8 ms); moreover, there are no significant differences between the latter and normal controls. The alterations in T, and T 2 relaxation times were evident within two hours after carotid ligation, the earliest they were measured.
As expected from the underlying theory of NMR imaging using the steady-state-free-precession (SSFP) technique 34 discussed below, the T, and T 2 changes reported above produce areas of increased image inten- These and all subsequent animal images appear as if the animal were seen en face, the right of the image being the left of the animal. The SSFP images obtained at 1 hour postoperatively showed no significant differences from normal, but one day later, the left cerebral hemisphere is enlarged, and the superolateral zones reveal markedly increased image intensity obscuring the normal contrast between cortex and diencephalon noted in earlier images or in other normal gerbils.
Image alterations were evident within 3 hours after symptomatic carotid ligation ( fig. 2 ) in 11/28 gerbils; this increased to 10/11 by 24 hours. In gerbils which were asymptomatic after carotid ligation, no NMR image abnormalities were detected in 22/24; one of the latter gerbils showed subtle diffusely increased intensity in the ipsilateral hemisphere early, but images were normal at 24 hours; the other gerbil showed increased image intensity within the hemisphere contralateral to the ligature at 3 hours, the cause of which remains undetermined. Similar image changes as described for symptomatic gerbils were noted in rats occasionally as early as 2 hours, and more frequently by 24 hours, after right carotid ligation and 0.12 cc of autologous blood clot embolism ( fig. 3 ). Such changes were never seen at any of the 4 or 5 coronal levels obtained routinely in normal control rats. The changes became better defined with the passage of time, as exemplified in the rat shown in figure 4. The area of brightness was most extensive and accompanied by the greatest cerebral swelling at 44 hours, to become more compact and sharply defined by 60 hours. Similar changes persist for up to 3.5 months, at which time neuropathological examination demonstrates good concordance between NMR imaging abnormalities and the pathological specimen.
Discussion
Since Lauterbur reported the first proton images in 1973, several laboratories have been involved in optimizing methods for clinical applications of NMR imaging. Recent advances have permitted proton NMR images of brains with signal-to-noise and spatial resolution approaching that of X-ray computed tomography. 33 All X-ray CT scans reflect tissue attenuation of the X-ray beam and the information conveyed is a depiction essentially of tissue structure; image intensities relate to an arbitrary scale dividing the range of Xray attenuation between air and bone. 35 On the other hand, many NMR imaging methods using a diversity of pulse patterns have been proposed. The distribution of intensities on an image is related to the inherent NMR parameters (spin-density, and T, and T 2 relaxation times) in a way that depends critically on the RF pulse sequence used. Thus, images can be produced in which the intensity is dependent on only one of the NMR parameters, or is a function of two or more of these parameters. Understanding the nature of the physico-chemical properties influencing image intensity, and knowledge of the imaging techniques used, are therefore essential preconditions for analyzing intelligently the resultant image. 32 To understand the basic principles of NMR, the sample may be considered as an ensemble of atomic nuclei, many of which rotate or spin around their axes, which are randomly oriented. Spin, together with elec- trical charge, makes them behave like a collection of tiny bar magnets. When the sample is placed in an external magnetic field the nuclear magnetic moments become polarized, i.e., they reorient with the external field. It is possible to tip the direction of the magnetic moments by applying to the sample a short burst of radiowaves of a specific (resonance) frequency. Following this burst the nuclei return to their original equilibrium state and emit characteristic radiofrequency (RF) energy which is detected by a coil wrapped around the sample. After RF perturbation, the characteristic time required for reequilibration to occur is called the T, or spin-lattice relaxation time; it depends on the physicochemical environment of the nuclear species. In biological tissues, T, relaxation times for protons are generally in the range of 100-1500ms. A second relaxation parameter, the spin-spin or T, relaxation time, influences the rate of signal decay after the initial pulse of radiofrequency energy; it reflects, among other things, how freely the nuclei move about in relation to one another. The protons in rigid macromolecules may have T 2 values of a few microseconds but protons in mobile macromolecules and free water have much longer T 2 relaxation times, typically falling in the range of 10ms to 1 second.
An image is produced by superimposing time-dependent magnetic field gradients on the static field so that different regions of the sample reside in different magnetic fields and hence emit their nuclear signals at different frequencies. Via the process of Fourier analysis, the frequency distribution of the data can be sorted and related to spatial coordinates. In the case of proton imaging, regions with high water or lipid content give a strong (bright) signal, whereas areas with low proton concentration, or those containing only rigidly bound protons (e.g., compact bone), give little signal and therefore appear dark. The intensity of a proton image therefore depends not only on proton density but also on local relaxation times. The impact of relaxation time on the image intensity depends on the specific RF pulse sequence being used. The complex nature of the image intensity function in three commonly used NMR imaging techniques can be appreciated from a perusal of figure 5, where the formulae underlying two relatively "simple" techniques ("saturation-recovery" and "inversion-recovery") are contrasted with the SSFP method used to obtain the results presented above. The saturation-recovery (SR) technique consists of applying a series of 90 pulses equally spaced at intervals of i on the order of the average T, value of the sample. If T, is much greater than T 2 , the observed image intensity will be proportional to p (1 -e _T/T i), 24 ' 36 where p is the proton spin density, i.e., the number of protons per unit volume (voxel). In the inversion-recovery (IR) technique, a 180° pulse is first applied and, after a delay time x during which some spin-lattice relaxation will occur, a 90° "read" pulse is applied. The ensuing free induction decay signal is used to generate the image and the signal intensity in this case is proportional to p (1 -2 e _x/T i). 36 ' 59 Figure 6 shows corresponding levels of NMR images obtained from a young normal human volunteer using both the SR and IR techniques at a proton resonance frequency of 6.2 MHz. The inversion-recovery pulse sequence highlights T, variations within the sample more strongly than does the SR technique, but the price paid is a trade-off between longer scanning time or lower spatial resolution, since a delay time of at least 3T, should be allowed before repeating the 180°-90° pulse pair if meaningful quantitative data is to be extracted from the image using the above formula. The image intensity in the SSFP methods used for the animal work presented above is a more complex function of spin density, relaxation times, and the RF pulse angle a. 34 The signal strength is given by:
S oc sin a
For purely liquid areas of the sample (in which T,/T 2 -1) the signal strength is therefore proportional to spin density only, but for more solid areas in which molecular motion is restricted (T,/T 2 >> 1) the signal intensity is reduced, becoming proportional to p (T 2 /T,). In areas in which T 2 is short relative to T,, the condition for SSFP to occur (namely, x << T,, T 2 ) will not be met, and the behavior may be more appropriately described by the saturation-recovery equation. Image interpretation, therefore, is not simple, and corrobora- Our data indicate that proton T, and T 2 relaxation times in rat brains decrease with maturation. These findings are consistent with those of Hazelwood etal. 31 who reported a decrease of T, from 1.206secs in immature (< 10 days of age) muscle to 0.723 sees in mature (>40 days of age) animals; an even greater percentage of decrease was noted in T 2 (0.127 sees and 0.047 sees, respectively). It was proposed that the fraction of "ordered" water increased during postnatal development. Several authors' 8 " 40 have demonstrated that the water content of tissues plays a dominant role in the determination of their relaxation times.
Proton relaxation times are also correlated with the actual physiological state of tissue. Bratton et a/. 41 reported that while T, did not change, T 2 of muscle increased with contraction; this increase in T 2 , according to the authors, was related to reversible release of bound water during maximal isometric contraction, or to irreversible water leakage in death. In our experiments, both T, and T 2 increased within 2 hours in hemispheres of gerbils symptomatic after carotid ligation. Such changes may reflect an increase in water content (ischemic brain edema) as is known to occur in the gerbil stroke model. 42 " 43 Increases in proton relaxation times have been reported in rat cortex and white matter, both of which are affected in cold-induced and in osmotic edema; the changes correlated with the water content of brain tissue. 46 It is unlikely that the increased relaxation times noted in the symptomatic gerbils were due to hypoxia per se, since deoxygenation (albeit of normal or sickle erythrocytes) results in decreases of proton T 2 without changes in T,. [47] [48] [49] Proton relaxation times may be affected by diverse mechanisms such as water-membrane interactions; 50 -5I waterprotein interactions such as surface ordering; 52 -53 hydrogen exchange, 54 and cross-relaxation, 55 paramagnetic relaxation 56 or relaxation due to diffusion across local field gradients, 51 but it is generally agreed that the water-protein interaction has the major effect on relaxation times.
Stability of the NMR parameters was noted for up to 3 hours after death, confirming Fung's observations of very little change in brain spin-echo (T,) decay curves during the first hour after death. 40 Similar studies had been performed previously by Chang etal." in skeletal muscle; these authors had noted that a T, value representing the weighted averages of all protons remained practically unchanged, with slow changes occurring over about 4 hours. Such studies unfortunately have not, in general, included physiological or biochemical correlates of tissue status.
The alterations in relaxation times (table 2) were reflected as areas of increased intensity (brightness) in SSFP images of affected gerbils and rats; such changes were similar to those we have noted in cats ( fig. 7 ) following middle cerebral artery ligation. 33 We conclude, therefore, that such changes are not species related. They are, however, related to the imaging technique. The same relaxation time changes are expected to produce areas of decreased intensity in images obtained by the inversion-recovery technique, and this is indeed found to be the case ( fig. 8) . 29 ' 58 It is evident from this study that stroke can be detected by NMR methods as early as 2 hours after onset of ischemia. Since alterations in T, and T 2 occur early after ischemia, imaging approaches which emphasize these parameters more heavily in the image would be expected to be the most sensitive. The SSFP approach used in the present study generates images which have high spatial resolution. Despite the fact that these images are essentially related to the ratio T,/T 2 , they suggest that this NMR technique might be useful for the early detection of stroke. Methods which empha- size T, or T, specifically, however, may be more sensitive.
